Abstract Ab initio calculations at the G3 level were used in a theoretical description of the kinetics and mechanism of the chlorine abstraction reactions from mono-, di-, tri-and tetrachloromethane by chlorine atoms. The calculated profiles of the potential energy surface of the reaction systems show that the mechanism of the studied reactions is complex and the Clabstraction proceeds via the formation of intermediate complexes. The multi-step reaction mechanism consists of two elementary steps in the case of CCl 4 +Cl, and three for the other reactions. Rate constants were calculated using the theoretical method based on the RRKM theory and the simplified version of the statistical adiabatic channel model. The temperature dependencies of the calculated rate constants can be expressed, in temperature range of 200-3,000 K as allow a very good description of the reaction kinetics.
Introduction
Chlorinated alkanes are used widely in laboratory syntheses and in the chemical industry [1] . As a consequence, they are penetrating into the environment in steadily increasing amounts. Chloroalkanes and products of their environmental reactions are considered toxic and biocumulative species. The chemical inertness and high volatility of chloromethanes mean that they can remain in the atmosphere for a very long time. The products of the atmospheric destruction of chloromethanes have been proven to have a significant impact on chlorine chemistry in the atmosphere and may be involved in various catalytic reaction cycles responsible for the depletion of the stratospheric ozone layer [1, 2] . Monochloromethane (CH 3 Cl) is regarded as the most abundant halocarbon in the troposphere, and the largest natural source of stratospheric chlorine [1, 3] . The variability of CH 3 Cl in the ice core over the last two millennia suggests a relationship between the concentration of atmospheric CH 3 Cl and global mean temperature, which indicates the possibility that a warmer future climate may result in higher tropospheric CH 3 Cl levels. Major sources of CH 3 Cl are biomass burning, oceanic emissions and vegetative emissions. The other chloromethanes occurring in polluted atmosphere, i.e., dichloromethane (CH 2 Cl 2 ), trichloromethane (CHCl 3 ) and tetrachloromethane (CCl 4 ), are released primarily from industrial processes [1] [2] [3] [4] [5] .
The reaction with hydroxyl radical is a major loss pathway for atmospheric chloromethanes. The reactions of Cl atoms with many haloalkanes can also become of some importance because the rate constants for these reactions are distinctly higher than those for the corresponding reactions with OH radicals. Therefore, in the marine boundary layer and in polar regions where the concentration of chlorine atoms is significant, Cl-initiated reactions may play a key role in the decay of many organic compounds in the troposphere.
The sources of chlorine atoms are the photochemically labile chlorine compounds such as Cl 2 and ClNO 2 produced in some aqueous-phase reactions in airborne seawater droplets [1, 2] . Chlorine atoms and their oxides are highly reactive species and can profoundly affect atmospheric composition. The gas-phase reactions of chlorine atoms with the hydrogen-containing atmospheric halocarbons lead to the facile generation of the corresponding free radicals via hydrogen atom abstraction. These reactions also play an important role in the processes of industrial chlorination and incineration of hazardous halogenated wastes, and their kinetics have been the subject of many theoretical and experimental studies [6] [7] [8] . Considerably less recognized are the kinetics of chlorine abstraction reactions. To the best of our knowledge, these reactions have not been investigated experimentally. In this study, we present a theoretical analysis of the mechanism and kinetics of the reactions of chloromethanes, CH 4−x Cl x (x=1,2,3 and 4) with atomic chlorine:
Kinetic information on the reactions indicated in Eq. (1) is very limited. Chlorine abstraction reactions proceed incomparably slower than the analogous Habstraction processes, and grow in importance only at high temperatures. The kinetics of the reverse processes
between chloromethyl radicals and molecular chlorine is considerably better known [6] [7] [8] . The reactions indicated in Eq. (−1) indeed also represent chlorine abstraction processes; however, Cl atoms in a molecule of Cl 2 are bound distinctly weaker in comparison with those in chloromethane. In consequence, the reverse reactions (Eq. −1) are relatively fast processes at ambient temperature and their kinetics have been studied experimentally over a wide temperature range, allowing comparison of experimental results with the theoretical kinetic results obtained in this study.
Computational details
It is well known that the G2 method [9] well reproduces the structural parameters and molecular properties of a wide group of organic compounds. The haloalkanes were studied theoretically using quantum mechanical ab initio methods at various levels of theory. Reliable values relating to thermochemical properties and vibrational frequencies have been obtained using G2 methodology for perhalogenated methanols, methyl hypohalites, halogenated alkyl and alkoxy radicals [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The G2 method was also used successfully in the theoretical description of the kinetics and mechanism of the abstraction of hydrogen from methanol by halogen atoms [21] [22] [23] . We decided to use the G3 method [24] in our investigations. This method provides the same quality of computational results but with a considerable reduction in the time and the levels of calculations required in comparison with the G2 method. All quantum mechanical ab initio calculations were carried out using the Gaussian 09 program package [25] . The geometries of all stationary point structures of the potential energy surface were fully optimized at both the SCF and MP2 levels with the 6-31G(d) basis set. Relative total energies were examined using G3 methodology [24] . The rate constants of the reactions studied were analyzed in terms of conventional transition state theory (TST) [26, 27] according to the equation
where κ T is the tunneling correction factor, σ denotes a symmetry factor related to degeneracy of the reaction path, and k B and h are the Boltzmann and Planck constants, respectively. ΔS ≠ is the activation entropy and ΔH ≠ the activation enthalpy of the reaction under investigation. Values of κ T were evaluated from the simple Wigner's expression [26] k T ffi 1 À 1 24
with the imaginary frequencies ν ≠ of the transition state obtained in the geometry optimization performed at a higher level of theory, i.e., from MP2/6-31G(d) calculations. The vibrational and rotational contributions to the thermodynamic functions were derived by classical harmonic-oscillator rigidrotor approximation (no free or internal rotation was considered).
Results and discussion
The theoretical investigation of hydrogen abstraction from halomethanes by chlorine atoms shows that the mechanism of these reactions appears to be complex and consists of some consecutive elementary processes with the formation of loosely bound intermediate complexes [21] [22] [23] . Therefore, at each level of theory, the potential energy surface of the studied reactions was explored for the possible existence of transition states and intermediate complexes. The geometries of all structures were optimized fully and independently using analytical gradients at the SCF and MP2 levels with the 6-31G(d) basis set. The molecular arrangements and definitions of the structural parameters of the molecular structures taking part in the mechanism of reactions CH 4−x Cl x + Cl (x = 1,2,3 and 4) are shown in Fig. 1 . The results of calculations including the geometrical parameters optimized at the MP2/6-31G(d) level, the harmonic vibrational frequencies, the rotational constants and the total G3(0 K) energies (ZPE included) for the reactants, products, intermediate complexes and transition states are given in Tables 1 and 2 .
Optimized molecular structures
The reactants are highly symmetrical molecular structures. A symmetry of point groups of C 3v , C 2v , C 3v and T D is found for CH 3 Cl, CH 2 Cl 2 , CHCl 3 and CCl 4 , respectively. The C-H and C-Cl bond lengths obtained in the geometry optimization performed at the MP2(Full)/6-31G(d) level for reactants are very close one to another. The lengths of C-Cl bonds in chloromethanes are within 1.765-1.777 Å whereas C-H bonds cover a narrow range of 1.086-1.088 Å. The differences in the values of the angular parameters, H-C-H and Cl-C-H in the reactants do not exceed 1°. The radical products of the reactions under investigation show more visible differences in structural parameters. Methyl radical (CH 3 ) is a planar structure with the symmetry of a D 3h point group. Trichloromethyl radical (CCl 3 ) is also a highly symmetrical structure with a three-fold axis. The equilibrium geometry of CCl 3 radical obtained at the MP2/6-31G(d) level corresponds to a C 3v symmetry. The other radicals, chloromethyl (CH 2 Cl) and dichloromethyl (CHCl 2 ) are less symmetrical molecular structures. Either the C-H or the C-Cl bonds in the radical products are a little shorter than their counterparts in the parent chloromethanes. In contrast, the values of the angular parameters in radical products, Cl-C-H and H-C-H are distinctly greater than those in the corresponding reactants. Except for tetrachloromethane, the attack of a chlorine atom on molecules of CH 3 a G3 molecular parameters: geometrical structure optimized at the MP2(Full)/6-31 G(d) level, (bond lengths in Å, valence and dihedral angles in degrees), rotational constants ABC in GHz, the total G3-energies in a.u. at 0 K (ZPE included) Table 2 Molecular properties of structures taking part in the mechanism of reaction under investigation derived at the G3 level The post-reaction adducts, CH 4−x Cl x−1 …Cl 2 , designated by MCxB (x=1,2,3 and 4), are intermediates consisting of two subunits: radical CH 4−x Cl x−1 and molecular chlorine Cl 2 , bonded in a molecular complex. All molecular complexes, MCxB keep the symmetry of their respective transition states TSx, so that MC1B and MC4B have a C 3v symmetry whereas MC2B and MC3B possess a C s symmetry. The vibrational frequencies of these adducts are very close to the corresponding frequencies in the isolated radical product and Cl 2 .
In standard G3 approach, the vibrational frequencies are obtained in geometry optimization performed at the SCF/6-31G(d) level and scaled by 0.8929 to take into account their overestimation [24] . The vibrational frequencies derived in this way reproduce the experimental frequencies well and give a correct estimation of the zeropoint energy of the reactants and products. However, the optimized structures for either intermediate complexes or transition states derived at the SCF and MP2 levels shows substantial differences in both geometrical parameters and vibrational frequencies. Therefore, our kinetic analysis of the studied reactions was based on the MP2(Full)/6-31G(d)-frequencies as the more credible ones. The value of the scaling factor for the MP2-frequencies was found by comparing the available experimental [28] [29] [30] [31] [32] [33] and calculated MP2 frequencies for reactants and products. As can be seen from Table 1 , using a value of the scaling factor of 0.940 leads to the best agreement of the MP2 and experimental frequencies [28] [29] [30] [31] [32] [33] . Therefore, this scaling factor was used to calculate the vibrational frequencies of all molecular structures taking part in the mechanism of the studied reactions.
Reaction energetics
The G3 method allows reliable estimation of the reaction energetics. The accuracy of these estimations based on the G3-energies is usually considered to be better than 6 kJ mol −1 . The enthalpy of formation, ΔH 0 f ;298 can be evaluated directly as the G3 enthalpy of the formation reaction of CH x Cl y from the elemental reference compounds such as C (g) , H 2(g) and Cl 2(g) , i.e., C (g) +(x/2)H 2(g) +(y/2)Cl 2(g) →CH x Cl y , and taking into account that the elemental standard state of carbon is graphite. An alternative approach involved the total G3-energy for the atomization reaction CH x Cl y → C (g) +xH (g) +yCl (g) [6, 7] . obtained by the latter method are closer to experimental estimates for CCl 4 as well as the other reactants and products of the studied reactions. This leads to the conclusion that this method is the most suitable approach in calculations of the enthalpy of formation of chlorine-containing species.
The reaction enthalpy was calculated directly from the total G3-energy of the reactants and products. The calculated values of reaction enthalpy do not depend on the method used to calculate the enthalpy of formation. Figure 2 shows that all investigated reactions are highly endothermic processes. The reaction enthalpy ΔH [7] derived at room temperature. This is due to the sizable difference between the theoretical and experimental values of the enthalpy of formation of CCl 4 .
Reaction mechanism
The mechanism of the reactions under investigation appears to be complex and consists of some consecutive elementary processes related with the formation of loosely bound intermediate complexes. The profiles of the potential energy surface are shown in Fig. 2 . All reactions studied are highly endothermic. Except for reaction CCl 4 +Cl, the mechanism of Cl-abstraction proceeds in accordance with a three-step reaction mechanism
where x=1,2 and 3. The first and third elementary processes are recombination and unimolecular dissociation, while the second is related to an energy barrier. The pre-reaction adducts formed in the first elementary step are loose molecular complexes. The most stable structure is the adduct CH 3 Cl…Cl denoted as MC1A. Its dissociation energy to reactants is 15.2 kJmol −1 . The other pre-reaction complexes are considerably less bonded. The next elementary step leads, via TSx, to the molecular complex MCxB, which dissociates to the final channel products, CH 4−x Cl x−1 +Cl 2 . The calculated energy barriers for the second step are high, which implies small values of the rate constants for the studied reactions at ambient temperature. It is interesting that the height of the energy barrier is very close to the reaction heat, and both decrease as the number of chlorine atoms in the reactant molecule increases. In the case of the reactions CCl 4 +Cl, the Cl-abstraction process requires only two elementary steps as
The intermediate complex, CCl 3 …Cl 2 denoted as MC4B formed in the first elementary step dissociates into the final reaction products, trichloromethyl radical CCl 3 and molecular chlorine Cl 2 . The energy barrier for this reaction of 62.2 kJ mol −1 is the lowest among the reactions studied. Therefore, the reaction CCl 4 +Cl should be the fastest process among the reactions under investigation. There are some theoretical kinetic models for describing the kinetics of a bimolecular reaction, which involve the formation of intermediate molecular complexes [21, 38, 39] . Assuming that the intermediates formed are loosely bound complexes, their collisional stabilization can, at a first approximation, be omitted in the description of the reaction rate. A method for the rate constant calculation for a bimolecular reaction that proceeds through the formation of pre-(MCxA) and post-reaction (MCxB) complexes has been applied successfully to describe the kinetics of many Habstraction reactions [21] [22] [23] . The general equation, which takes into account the rotational energy, is derived from RRKM theory. According to this formalism, the rate coefficient k for the three-step reaction mechanism, such as for Eq. (4) with formation of the pre-reaction and post-reaction adducts, can be expressed as
Energy (kJmol
where Q RCl and Q Cl are the partition functions of chloromethane CH 4−x Cl x (x=1,2,3 and 4) and atomic chlorine, respectively, with the center of mass partition function factored out of the product Q RCl Q Cl and included in z together with the partition functions of those inactive degrees of freedom that are not considered by the sums of the states under the integral. V TSx is the threshold energy towards the reactants CH 4−x Cl x +Cl, whereas W TSx (E,J), W MCxA (E,J), and W MCxB (E,J) denote the sum of the states at energy less than or equal to E and with angular momentum J for the transition state TSx and the activated complexes for the unimolecular dissociations of MCxA and MCxB, respectively. All computational effort is then related to calculating the sum of the states, W(E,J) This calculation depends on the level at which the conservation of angular momentum is considered and is discussed in detail in Refs. [21, 22] . Equation 6 can be used directly in the description of kinetics of the reactions CH 3 Cl+ Cl, CH 2 Cl 2 +Cl and CHCl 3 +Cl. In the case of the two-step mechanism such as for the reaction CCl 4 + Cl , one must replace W MC4A (E,J) by W TS4 (E,J) and omit the first fraction under the integral in Eq. (6) .
The results of direct calculations [13, [20] [21] [22] show that the dominant contribution to the rate constant is given by states with energy E not higher than V TSx +3RT. In the case of a sizable (compared with RT) energy barrier V TSx , the value of the product of the microcanonical branching fractions at an energy slightly higher than V TSx becomes close to unity and the TST rate constant k TST is then a good approximation of the exact rate coefficient, especially at ambient temperatures [13, [20] [21] [22] .
Reaction system CH 3 Cl+Cl
The values of the calculated rate constants are given in Table 4 . The height of the energy barrier is clearly the major factor determining the magnitude of the rate constant and its dependence on temperature. Figure 2 shows that the Clabstraction from CH 3 Cl by Cl atoms is related with a high energy barrier of 106 kJmol −1 . The calculated value of the rate constant at 298 K is of 4.5×10 −30 cm 3 molecule
This value is 17 orders of magnitude lower than the rate constant for the competitive reaction of H-abstraction from CH 3 Cl by atomic chlorine [40] . This is the major reason of the lack of experimental measurements of rate constants for Cl-abstraction from CH 3 Cl. The kinetics of the reverse reaction CH 3 + Cl 2 are considerably better recognized [4] [5] [6] . The values of the rate constant for this reaction calculated via the equilibrium constant obtained theoretically are also given in Table 4 . The values of the rate constants, k(CH 3 Cl+Cl) and k(CH 3 +Cl 2 ) calculated in the temperature range of 200-3,000 K, can be expressed as:
The calculated values of k(CH 3 +Cl 2 ) are compared with available experimental results in Fig. 3 The reverse reaction has been studied experimentally over a wide temperature range. Figure 3 compares our calculated values of k(CH 3 +Cl 2 ) with the experimental results of Eskola et al. [41] performed in the range of 188-500 K, Timonen et al. [42] at 298-423 K, Timonen and Gutman [43] at 296-712 K, and those of Kovalenko and Leone [44] studied at 298 K. The results of Timonen et al. [42] are distinctly underestimated. The other experimental measurements are consistent and show only little dispersion. The calculated values of k(CH 3 +Cl 2 ) can be considered the best compromise between the available estimates. The predicted temperature dependence of the rate constants, k(CH 3 Cl+Cl) and k(CH 3 +Cl 2 ) expressed by Eqs. (7) and (8) allows a description of the kinetics of the reactions CH 3 Cl+Cl and CH 3 +Cl 2 over a wide temperature range.
Reaction system CH 2 Cl 2 +Cl
The profiles of the potential energy surface presented in Fig. 2 show that Cl abstraction from CH 2 Cl 2 by Cl atoms is also related to a high energy barrier of 90 kJmol To the best of our knowledge there is no experimental information on the kinetics of CH 2 Cl 2 +Cl. However, the reverse reaction CH 2 Cl+Cl 2 has been studied experimentally [45] [46] [47] in the temperature range 201-873 K. Figure 4 compares our theoretical results with the results of the experimental investigations of Seetula [45] , Seetula et al. [46] and Eskola et al. [47] obtained for CH 2 Cl+Cl 2 . The values of the rate constants, k(CH 2 Cl 2 +Cl) and k(CH 2 Cl+Cl 2 ) calculated in the temperature range of 200-3,000 K, can be expressed as
The results of our calculations reproduce the experimentally estimated values of k(CH 2 Cl+Cl 2 ) very well at low Fig . 4 Arrhenius plot for the reaction CH 2 Cl+Cl 2 →CH 2 Cl 2 +Cl comparing the available results of kinetic measurements of Seetula [45] (white circles), Seetula et al. [46] (black triangles) and Eskola et al. [47] by (black squares) with those obtained theoretically in this study. Solid line Plot of Eq. (10) . Inset Temperature dependence of k (CH 2 Cl 2 +Cl) from Eq. (9) temperatures, i.e., below 400 K. . This value is over 3 and 6 orders of magnitude higher than the calculated at the same temperature values of k(CH 3 Cl+Cl) and k(CH 2 Cl 2 +Cl), respectively. The derived temperature dependence of k(CHCl 3 +Cl) can be expressed in the temperature range 200-3,000 K as,
According to the sizable energy barrier, the reaction CHCl 3 +Cl becomes important only at very high temperatures. Experimental information is available only for the reverse process, CHCl 2 +Cl 2 [45, 46] . Figure 5 shows a comparison of the temperature dependence of the rate constant k(CHCl 2 + Cl 2 ) derived theoretically with that from experimental findings [45, 46] . The dashed line denotes the values of the rate constant k(CHCl 2 +Cl 2 ) obtained via the calculated equilibrium constant. The calculated values of k(CHCl 2 +Cl 2 ) distinctly overestimate the experimental results of Seetula [45] and Seetula et al. [46] , especially at low temperatures.
It is worth noting that a comparison of the theoretical and experimental values of k(CHCl 2 +Cl 2 ) is indeed the only way to verify, albeit indirectly, the calculated values of both k(CHCl 2 + Cl 2 ) and k(CHCl 3 +Cl), on the condition that the calculated equilibrium constants are realistic. The calculated reaction enthalpy at room temperature for CHCl 3 +Cl→CHCl 2 +Cl 2 is of 77.0 kJmol −1 , whereas the experimentally estimated one is 71.0 kJmol −1 [7] . The correction of the reaction enthalpy by −6.0 kJmol −1 at any temperature should lead to more realistic values of the equilibrium constant, and finally to a more reliable rate constant k(CHCl 2 +Cl 2 ). The values of k(CHCl 2 +Cl 2 ) after reduction by a factor of exp(6.0 kJmol 
The corrected values of the rate constant, k(CHCl 2 +Cl 2 ) reproduce the experimental results very well. Agreement between experimental and calculated values of k(CHCl 2 +Cl 2 ) is excellent over a wide temperature range. This also confirms the reliability of the values of the rate constant, k(CHCl 3 +Cl) calculated in this study. Reaction system CCl 4 +Cl Figure 2 shows that the lowest energy barrier of 62 kJmol Table 4 ). The sizable energy barrier for CCl 4 +Cl results in the distinct temperature dependence of k(CCl 4 +Cl). The values of k(CCl 4 +Cl) and k(CCl 3 +Cl 2 ) for the reverse reaction calculated via the equilibrium constant can be expressed in the form
The kinetics of reaction CCl 4 +Cl have been studied experimentally by Seetula [45] and DeMare and Huybrechts [48] . Their investigations were, however, performed in different temperature ranges, and the reported temperature dependencies of k(CCl 4 +Cl) expressed in the Arrhenius' form show distinct differences in both the pre-exponential factor and the activation energy, which makes it difficult to compare the experimental and theoretical values of k(CCl 4 +Cl). There is no experimental information on the kinetics of the reverse reaction CCl 3 +Cl 2 . The reaction CCl 4 +Cl is one of the processes involved in the pyrolysis of CCl 4 in the gas-phase. Huybrechts et al. [49] studied the pyrolysis of CCl 4 in terms of modeling by computer simulations and optimizations of the kinetic parameters of the elementary processes taking part in the mechanism of the investigated pyrolysis. The Arrhenius parameters derived from the kinetic model of Huybrechts et al. [49] allow a description of the kinetics of the reaction CCl 4 +Cl in the temperature range 300-800 K. . The similar difference between our result for the value of k(CCl 4 +Cl) and that derived by Huybrechts et al. [49] is maintained at temperatures below 800 K. This agreement can be considered as satisfactory taking into account the uncertainties of the kinetic modeling procedure.
Summary
The main aim of the present study was to perform a theoretical analysis of the kinetics of chlorine abstraction from chlorinated methanes, CH 3 Cl, CH 2 Cl 2 , CHCl 3 and CCl 4 by chlorine atoms. Theoretical investigations based on ab initio calculations of the CH 4−x Cl x +Cl→CH 4−x Cl x−1 +Cl 2 (x= 1,2,3 and 4) reaction systems at the G3 level were performed to gain insight into the reaction mechanism. Kinetic information on these reactions is very limited. The results of the calculations also allow an estimation of the reaction energetics and the molecular properties of the structures taking part in the reaction mechanism.
The calculated values of the enthalpy of formation of the reactants and products are in good agreement with the reported values estimated experimentally. All the studied reactions are strongly endothermic processes, with calculated values of reaction enthalpy at 298 K of 107.1, 92.9, 77.0 and 57. . The calculated values of the rate constants describe the kinetics of the reverse reactions well. An especially good agreement between the calculated and reported values of the rate constants was reached for reactions CH 3 +Cl 2 , CH 2 Cl+Cl 2 and CHCl 2 + Cl 2 . In the temperature range of 200-400 K, the theoretically derived kinetic parameters for these reactions allow the reaction kinetics to be described with an accuracy no worse than that given by various kinetic data evaluations.
This confirms the reliability of the theoretically derived kinetic expressions, which represent a substantial supplement to the kinetic data necessary for the description and modeling of the complex gas-phase reactions of importance in combustion and atmospheric chemistry.
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